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Introduction
Free radicals and their reactive metabolites, named as reactive oxygen and nitrogen species (ROS and RNS, respectively), are produced in the natural metabolism of aerobic cells, being generated from endogenous (metabolic processes, electron transport chain and the nitric oxide synthase reaction) and exogenous (pollution, radiation, chemical exposure, smoking, etc.) sources [1] . Ideally, these compounds are posteriorly eliminated by cellular and tissue defenses, but this equilibrium can be compromised by the excessive production of reactive metabolites creating an oxidative stress that can lead to several damages of important biomolecules and organs with potential impact on the whole organism [1] . The complex Th human antioxidant defense system includes endogenous and exogenous antioxidant defenses that must maintain the cellular redox homeostasis, minimizing the levels of reactive species while allowing appropriate ROS-mediated biological signaling [2] . Th is system includes endogenous Th antioxidant enzymes such as superoxide dismutase, catalase and glutathione peroxidase that catabolize superoxide radicals and degrade hydrogen peroxide and hydroperoxides, respectively; proteins like albumin, transportation proteins for iron ions, transferrin and various metallothioneins; and low molecular-weight scavengers such as thioredoxin, α-tocopherol, ascorbate, uric acid, coenzyme Q, and lipoic acid [3] [4] [5] . Beyond these endogenous defenses, exogenous antioxidants supplied by dietary sources can support the prevention of oxidative damage, which explains the several changes observed in eating habits. Indeed, the practice of a correct and balanced diet using functional foods has been recruiting more and more followers and numerous scientific studies have been performed not only fi on chemical and nutritional properties of foods, but also on the evaluation of their health benefi ts [6] . Many functional foods have antioxidants fi in their composition and, in addition to their basic nutritional function, these foods also help to reduce the risk of cancer, osteoporosis and hypertension, improve gastrointestinal and bone health, delay the aging process, enhance the immune system, improve depressive states and the quality of sleep, increase energy levels and improve performance of athletes [7, 8] .
In this chapter, the most common antioxidants present in food and their industrial applications will be presented, along with a comparison between conventional and emerging extraction methodologies of antioxidants, and the most suitable identification and isolation techniques. fi
Common Antioxidants in Foodstuff
The antioxidant molecules present in food are able to directly eliminate Th ROS, act in the regulation of antioxidant defenses, and inhibit the production of these species. Furthermore, these compounds have the ability to form new radicals that are stable through intramolecular hydrogen bonding on further oxidation, aft er radical scavenging [6, 9] . ft Some examples are vitamins (A, B, C, D, E and K), carotenoids ( lycopene, β-carotene and xanthophylls) and polyphenols (flavonoids such as fl fl avofl nols, fl avones, fl fl avanones, fl fl avanols (fl fl avan-3-ols), anthocyanins, and isofl flavones, phenolic alcohols, phenolic fl acids, tannins, stilbenes and lignans) [10] . Th ere are several foods that contain these molecules in their compoTh sition, particularly fruits, vegetables, spices, herbs, mushrooms, fish, milk fi products, among others (Table 6 .1). This agro-food group highlights the Th spices and herbs as major carriers of antioxidants. Table 6 .1 includes information about the main classes of compounds with antioxidant activity and their natural sources. Vitamins play an important role in human health, since they are a group of essential compounds for normal growth and functioning of the organism. However, since the body does not have the capacity to synthesize vitamins, it is possible to obtain these compounds from food or pharmaceutical products, which are generally converted into more complex molecules that act as co-enzymes when ingested. Th e incorrect ingesting of this micronutrient triggers harmful Th pathological reactions that compromise the normal development of the body [11] . Vitamins are divided into two groups, liposoluble vitamins (A, D, E and K) and hydrosoluble vitamins (B and C) [12] . The sources of these Th two groups are diff erent, as well as their chemical behavior. Th ff ff e liposoluble Th vitamins have a chemical structure similar to some lipids (steroids) and are easily stored by the body. However, the process is energetically expensive, since it requires the synthesis of fat reserves, and their elimination is also more complex. Diff erently, water-soluble vitamins are more diffi ff ff cult to be ffi stored, requiring constant replacement and are also easily eliminated by the organism, preventing excessive quantities of these vitamins. Almost all the vitamins of this type are essential enzymes or coenzymes [12, 13] .
Other antioxidant molecules are the carotenoids that are natural pigments responsible for the yellow, orange and red color present in various foods which display a variety of functions in nature, especially in animal diet, since they act in deactivating a wide variety of reactive radicals in biological systems [14] .
The natural functions of carotenoids are principally determined by Th their molecular properties such as size, geometry, presence of functional groups and other characteristics [15] . These molecules can be found in Th plants and microorganisms. In nature there are over 600 carotenoids, which are classified as carotenes, xanthophylls and lycopene [14] . fi β-Carotene is an abundant micronutrient, which can be found in many vegetables and fruits. Due to its water-insolubility, this molecule's absorption process is passive and parallels that of lipids. Another characteristic of β-carotene is its degradation by exposure to light, heat, and oxygen, which can be converted in a pro-oxidant, causing a negative effect on human health [16] . ff ff Another micronutrient belonging to the class of carotenoids is lycopene. This is the most abundant carotenoid and the compound responsible for Th the red color of various foods (such as tomatoes and tomato products) and is known for its oil solubility and sensitivity to light and heat. It deteriorates easily during processing and storage, and presents low bioavailability. Regarding the conducted studies, this compound benefi cially intervenes fi in health, acting in the prevention of cancer and cardiovascular diseases [17] . Th e xanthophylls are also carotenoids, and their wide distribution Th in the different phylogenetic kingdoms and ff ff their broad structural variety, allow multiple functions of these organic molecules in living organisms. It has been demonstrated that the ingestion of this molecule helps in preventing macular degeneration associated with age and the development of cataracts. Th erapeutically, it also acts in reducing the risk of developing Th several types of cancer [18] [19] [20] .
Finally, another class of molecules with bioactive potential are the polyphenols, which include a large group of biologically active compounds (flavonoids, phenolic acids, tannin fl s, stilbenes and lignans). The Th interest in these compounds has been gradually increasing ever since performed scientifi c studies have associated polyphenols with the decrease in fi the risk of several diseases related to oxidative stress [21, 22] . Thus, their Th antioxidant potential has been associated with different therapeutic actions, ff ff including anticarcinogenic/antimutagenic, antibacterial, antiviral and anti-infl ammatory [23] . As in the previously mentioned compounds, the fl antioxidant activity of these molecules is also infl uenced by its structure, in fl particular by the required number and position of phenolic hydroxyl and other chemical features.
Antioxidants for Bioactive or Preservative Purposes
Antioxidants may be classified as natural or synthetic, with the former fi arising naturally in the food composition, as described above. Otherwise, synthetic antioxidants have been developed for the purpose of incorporation into food in order to make them resistant to various treatments and conditions, prolonging the shelf life. The principal and most available Th antioxidants in the food industry are BHA, BHT, PG and TBHQ [24] . BHT (butylated hydroxytoluene) and BHA (butylated hydroxyanisole) are the most widely used chemical antioxidants and have shown similar properties. During the period from 2011 to 2012, the European Food Safety Authority (EFSA) reevaluated all the available information about these two antioxidants, including apparently contradictory information that had been published. EFSA established revised acceptable daily intakes (ADIs) of 0.25 mg/kg bw/day for BHT and 1.0 mg/kg bw/day for BHA and noted that the exposure of adults and children to these antioxidants was unlikely to exceed these intakes [10, 25, 26] . PG (propyl gallate) has a great concentration of activity as an antioxidant and when used at high levels it assumes a pro-oxidant role. Th e TBHQ (terc-butyl-hydroquinone) Th is used to stabilize and preserve freshness, nutritional value, taste and color of food products of animal origin [10, 27] .
In fact, these synthetic antioxidants are effective and cheaper than natuff ff ral antioxidants, which explains their wide use in the food industry; notwithstanding, the demand for natural food additives over synthetic ones has been growing in an attempt to avoid the possible chemically induced carcinogenic eff ects [28] . Moreover, the synergism observed between variff ff ous natural antioxidants present in food extracts is an advantage that cannot be achieved with an isolated synthetic antioxidant [29] . In this field, fi and taking into account that lipid peroxidation is the second major cause, aft er microbial spoilage, of decline of food nutritional and sensory quality ft traits [30] , several studies have been performed in order to test the antioxidant capacity of natural antioxidants when introduced into foodstuff. Th ff ff is Th research focused essentially on animal origin products because of their specifi c constitution. For example, the presence of residual blood in meat fi products equates to retention of more haemoglobin, which is a powerful promoter of lipid oxidation and further rancidity, especially under oxidative conditions such as storage and cooking [31, 32] . On the other hand, fish fi products richness in n-3 polyunsaturated fatty acids (PUFA) makes them susceptible targets to peroxidation that leads to rancid taste and off fl ff avor, fl limiting their time of storage and processing possibilities [33] . Thus, sevTh eral extracts of plants have been introduced into these matrices and proved to possess preservative effects by limiting their oxidation (Table 6 .2). As a ff ff great example, when widely employed in meat and meat products, rosemary extracts are able to decrease thiobarbituric acid reactive substances (TBARS), hexanal quantities and protein oxidation in cooked pork patties and beef burgers [34] [35] [36] [37] . Furthermore, combinations of extracts from rosemary, marjoram, and sage significantly decreased the lipid oxidation fi of ground beef [38] , while oleoresin of rosemary reduced TBARS and hexanal in raw ground beef and cooked patties [39] . Moreover, these plant extracts were also tested in fi sh muscle, namely sea salmon, and produced fi ff ff of sage extracts in minced chicken breast, and Fasseas et al. [56] observed decreased TBARS formation in raw and cooked pork in the presence of sage essential oils. Moreover, bearberry extracts were found to exhibit potent lipid antioxidant activity in raw and cooked pork [57] , whereas crude cranberry extract inhibited the oxidation in mechanically separated turkey and cooked ground pork, but its polyphenolic fraction revealed even higher inhibition of hemoglobin-mediated lipid oxidation than the extract itself [58] . Cinnamon extracts controlled warmed-over fl avor, lipid oxidafl tion, and inhibited the release of non-haem iron in sheep, beef and pork meat [59] . Th e addition of garlic and onion powder to pork loin and belly Th increased yellowness and reduced the free fatty acids, peroxide, and the TBARS values [60] ; and pomegranate rind powder reduced TBARS values in fresh chicken, and then in prepared cooked chicken patties [61] . Beyond these studies, many other extracts were tested, as well as combinations of diff erent plants extracts, and even combinations of natural and synthetic ff ff antioxidants.
Nevertheless, the direct use or incorporation of free bioactives in foodstuff (either as extracts, fractions of extracts, or isolated compounds) has ff several considerable limitations related to the loss and transformation of the antioxidant molecules, and to their interaction with other compounds. Moreover, the processing steps involved in the preparation of food matrices can infl uence the degradation or transformation of the antioxidant comfl pounds due to factors such as endogenous enzymes action, water activity, oxygen pressure, and also thermal/mechanical energy [62] .
In this connection, microencapsulation arises as a suitable option to stabilize the extracts to be incorporated into food; it can be defined fi as a process through which tiny particles or droplets are surrounded by a coating or embedded in homogeneous or heterogeneous matrices with the aim of producing small capsules with many useful properties [63] . This technique was fi Th rst used in the early 1930s in order to coat fi some flavors and, then, ingredients such as antioxidants, preservatives, fl oxidation-reduction agents, enzymes, acids, bases, nutrients, crosslinking agents, buffers, fl ff ff avors, sweeteners, and colors started to be produced fl worldwide on an industrial scale [64] . In the food industry, microencapsulation found its application in protecting the core material from adverse environmental conditions and enhancing the shelf life of products by controlling the release of the encapsulated materials [65] . Several studies have been performed in this fi eld and there is a signifi fi cant use of fi extracts, followed by polyphenols, essential oils, vitamins, proteins and fat extracts, applied to food. For instance, in regard to dairy products, microencapsulated isoflavones were added to milk and it was verifi fl ed fi that an increased absorption in the intestine took place without affecting ff ff the taste [66] ; phenolic extracts of pomegranate peels were incorporated into ice cream and proved to enhance antioxidant and α-glucosidade inhibitory properties [67] ; phenolic extracts from elm leaf blackberry flowers introduced into yogurt revealed a higher antioxidant activfl ity than yogurt containing the extract in the free form [68] ; and yogurt containing phenolic extracts from pomegranate fruits showed higher content of phenolic compounds and anthocyanins than the control [69] . On the other hand, microencapsulated aqueous extracts of wild strawberry applied in k-carrageenan gelatin revealed the ability to preserve the antioxidant properties when compared to the free form [70] . Also, cottage cheese enriched with mushrooms (Suillus luteus [L.: Fries] and Coprinopsis atramentaria [Bull.]) extracts revealed a clear tendency for higher antioxidant preservation over the time of storage when microencapsulated extracts were applied [71] . Regarding the citric acid and its derivative (-)-hydroxycitric, citric acid was incorporated into chewing gum to promote its health properties [72] , whereas its derivative was added to bread [73, 74] and pasta [75] , showing good sensory and quality attributes. Another application in bread was performed by Pasrija et al. [76] that introduced microencapsulated green tea polyphenols into this matrix to retain the quality characteristics along with its functionality. Moreover, a soup powder was enriched with linseed oil (rich in omega-3 fatty acids) to allow a controlled release of the lipophilic compounds [77] , while cheese was enriched with vitamins E, A and CoQ10 [78] to inhibit lipid peroxidation (rancidity).
Beyond microencapsulation, the incorporation of bioactive extracts or isolated compounds into packaging films has been assessed in diff fi erent ff ff studies [79, 85] and represents a new packaging concept of great interest to the food industry by allowing the preservation of food characteristics and the delay of oxidative processes. In some cases, the incorporation of antioxidants seems to be more effi cient than the direct use of additives on ffi meat surface, and thereby, some packaging systems have been developed with natural extracts (such as cocoa, rosemary, oregano, green tea, oolong tea, and black tea, among others) to increase the stability of meat products and extend their shelf life [79] [80] [81] [82] [83] . Th is technique was also applied Th to extend cheese shelf life [84] and was eff ective in salmon muscle, using ff ff natural antioxidant products containing tocopherols in the development of active packaging [85].
Analysis of Antioxidants in Foods
Nowadays, several methods are available for analysis of antioxidants. These methods involve the evaluation of total antioxidant activity and the Th individual identifi cation and quantifi fi cation of diff fi erent antioxidant comff ff pounds. Modern chromatographic and spectrometric techniques have made antioxidant compound analysis easier than ever before, but their success depends on previous treatments and extraction steps.
Extraction of Antioxidant Compounds
Extraction is a very important analytical step in the isolation and identification of compounds from diff fi erent foodstuff ff ff s prior to chromatographic ff ff determination. Th e development of optimal procedures can prove difTh fi cult due to the structural diversity of the compounds and their potent fi antioxidant activity, which can lead to rapid reaction with other constituents in the matrix [133] . Th erefore, the quality of extracts obtained from Th diff erent foodstuff ff ff s is strongly related to the employed extraction method ff ff [134] . Th us, appropriated extraction techniques and conditions should Th be adopted, taking into account the compound to be extracted and the accurate nature of matrix to be studied. This involves using conventional Th extraction methods or innovative technologies (Figure 6 .1), including ultrasounds, microwaves, pulsed electric fi elds, high voltage electrical disfi charges, pressurized or supercritical fl uids, and enzymes, or combinations fl of these techniques. The basic mechanisms and recent practical examples Th are discussed below. 
Conventional Methods
Conventional extraction of bioactive compounds from foodstuffs is time ff ff and solvent consuming, representing a serious energetic and environmental issue. Solid-liquid extraction can be defined as a mass transport fi phenomenon where compounds contained in foodstuff structure migrate ff into the solvent up to equilibrium. Examples include heating reflux, fl Soxhlet and solvent extraction, maceration, percolation, and hydrodistillation [135] [136] [137] [138] [139] . In plants, bioactive compounds exist enclosed in insoluble structures, such as cell vacuoles, which are not accessible to solvents. The Th use of heat to enhance mass transfer and reduce the extraction time can have deleterious eff ects, since high temperature can degrade thermolabile ff ff compounds [140, 141] . Besides, the use of solvent mixtures containing acetone or methanol, pure or combined with water or an acid, is not in accordance with the green chemistry concept [142] . Because of this, alternative green solvents and novel extraction technologies based on physical mechanisms are being adopted.
Nonconventional Methods
The increasing need to extract bioactive molecules from natural sources Th has led to a deeper interest in new processes that can reduce the extraction time, processing temperature and solvent consumption, and contribute to higher extraction effi ciency (i.e., yield and quality) and lower energy conffi sumption as compared to conventional methods. 6.4.1.2.1 Ultrasound-Assisted Extraction Ultrasound-assisted extraction (UAE) is one of the most used techniques in industry to enhance the mass transfer phenomena. The mass transfer Th rate is increased by cavitation forces; in this case the bubbles in the liquidsolid extraction can explosively collapse and generate localized hot spots (characterized by high temperature and pressure) causing plant tissue rupture and improving the release of intracellular substances into the solvent. UAE has been considered an economic method [143] and has already been applied to extract phenolics from spinach (Spinacea oleracea L.) [137] , grape (Vitis vinifera L.) pomace [144] , orange (Citrus sinensis L.) peels [145] , sugar beet molasses [143] and phenolics and betacyanins from red pitaya (Hylocereus polyrhizus [Weber] Britton & Rose) [140] .
Pulsed Electric Fields
The pulsed electric fi Th elds (PEFs) treatment consists of the applicafi tion of pulses of high voltage (kV) and short duration (μs-ms) to a biological material placed between two electrodes. This voltage results Th in an electric fi eld in which intensity depends on the voltage delivered fi and the gap between the electrodes. Th e originated phenomenon, called Th electroporation, consists of the increment of the cell membrane permeability to ions and macromolecules [146] . Therefore, PEF increases the Th extraction of high value-added compounds and can replace the enzymatic maceration of the process. PEFs have been applied to extract phenolics from papaya (Carica papaya L.) peels [136] , polyphenols from grapes [147] and borage (Borago officinalis ffi L.) leaves [146] , phenolics and ascorbic acid from plum (Prunus domestica var. Casselman) and grape peels [148] , as well as phenolics, vitamin C and carotenoids from stevia (Stevia rebaudiana Bertoni) leaves [149] .
High-Voltage Electrical Discharges
High-voltage electrical discharges (HVEDs) have physical and mechanical eff ects on the product caused by shock waves. Th ff ff is technique introduces Th energy directly into an aqueous solution through a plasma channel formed by a high-voltage electrical discharge between two submerged electrodes [90] . The HVED mechanism is based on the electrical breakdown in water Th [150] . Air bubbles that are initially present in water or formed due to local heating are involved in this phenomenon and accelerate the process. If the electrical field is too intense, the avalanche of electrons becomes a starting fi point of streamer propagation from the high-voltage needle electrode to the grounded one. The electrical breakdown is accompanied by secondary Th phenomena (e.g., high-amplitude pressure shock waves, cavitation, and liquid turbulence) that cause particle fragmentation and cell structure damage, thus facilitating the release of intracellular compounds [142, 150] . When compared to other physical treatments, HVED results in a higher extraction rate than that obtained with PEF and ultrasounds. However, this process can originate very small particles that can lead to a more difficult ffi solid-to-liquid separation step [150] . Th is technology have been used to Th extract phenolics from rapeseed (Brassica napus) [142] and papaya peels [136] , anthocyanins from blackberries (Rubus fruticosus L.) [151] , and phenolics, vitamin C and carotenoids from stevia [149] .
6.4.1.2.4 Microwave-Assisted Extraction Microwave-assisted extraction (MAE) has been rapidly developed as one of the hot-spot techniques for extracting high value-added compounds from different matrices. Th ff ff e extraction mechanism is based on the impact Th of microwaves on molecules by ionic conduction and dipole rotation inside target materials. Th e microwaves interact directly with the free Th water molecules present inside the materials, resulting in a rapid buildup of pressure within cells, and a pressure-driven enhanced mass transfer of target compounds out of the source material, which causes the rupture of the plant tissue and release of the active compounds into the extracting solvent [133, 152] . During extraction, the solvent volume must be enough to ensure that the solid matrix is entirely immersed. The solvent choice Th is dictated by the solubility of the extracts of interest, by the interaction between solvent and plant matrix, and by the microwave absorbing properties of the solvent determined by its dielectric constant [153] . However, MAE can also be performed without the addition of any solvent [90, 154] . Solvent-free microwave extraction (SFME) is based on a combination of microwave heating and dry distillation. The inherent benefi Th ts of SFME are fi reduction of pollution and handling costs resulting from the simplified fi manipulation procedure, easy clean-up and labor savings [154] . MAE has been applied to obtain phenolics from myrtle (Myrtus communis L.) leaves [153] , horsetail (Equisetum arvense L.) [155] , orange peels [145] , false daisy (Eclipta prostrata Linn) [156] , plum [152] , tomatoes (Lycopersium esculentum L.) [157] and rice (Oryza sativa L.) grains [133] , lycopene from tomato peels [101] , and phenolics, vitamin C and carotenoids from stevia [149] .
6.4.1.2.5 Pressurized Liquid Extraction Pressurized liquid extraction (PLE), also known as accelerated or enhanced fluid extraction, or subcritical water extraction, is increasingly used in the fl extraction of antioxidants from diff erent foodstuff ff ff s. Th ff ff is green technology Th involves the use of hot pressurized liquid solvents, including water or ethanol, below their critical point. The combination of high temperature and Th pressure enhances the extraction performance as compared with processes carried out at room temperature and atmospheric pressure. Th e temperaTh ture promotes higher analyte solubility by increasing both solubility and mass transfer rate and also decreases the viscosity and surface tension of solvents, thus improving extraction rate [158] . The setup of the technique Th also maintains samples in an O 2 and light-free environment, which makes it preferable for use in the nutraceutical industry [159] . Furthermore, the addition of high concentrations of CO 2 to pressurized liquid solvents enhances the kinetic desorption of analytes, inactivates unwanted enzymes that may destroy bioactive compounds, minimizes the use of liquid solvents, and reduces undesired concentration steps. Unlike MAE, PLE is not limited to solvents that can absorb microwaves [141] . Additionally, for extraction of polar compounds, PLE is considered as a potential alternative to supercritical fluid extraction (SFE). Recent studies have evalufl ated the suitability of this technology for the extraction of phenolics from mango (Mangifera indica L.) leaves [141] and roots of Scutellaria pinnatifida fi A. Hamilt. ssp. alpina (Bornm) Rech. f. [138] , as well as carotenoids from kaki (Diospyros kaki L.), peach (Prunus persica L.), apricot (Prunus armeniaca L.) [160] and carrots (Daucus carota L.) [159] .
6.4.1.2.6 Supercritical Fluid Extraction Supercritical fluid extraction (SFE) has been used to extract target fl compounds from a variety of matrices at laboratory and commercial scale. Carbon dioxide is the main solvent used in this technique, especially when the target molecule is apolar. At supercritical conditions, above its critical temperature (31.1 C) and pressure (7.4 MPa), CO 2 presents unique physicochemical properties because of its duality between liquid and pure gas [161] . Thus, it acquires very good mass-transfer properties because of its Th high, more gas-like diffusion coeffi ff ff cients and low viscosity values which ffi provide effective penetration into solid matrices, and preserves the integff ff rity and stability of more delicate compounds due to its relatively low surface tension [162, 163] . In fact, this technique is adequate for thermolabile and oxidation-susceptible compounds [161] . Solvents other than CO 2 are not necessarily required and the expense of removing organic solvents can be eliminated. Another advantage is its high selectivity and easy separation process from the extracted compounds without leaving toxic residues in extracts. Although high capital costs are associated with SFE, operating costs are relatively low and it is very simple to be scaled-up to industrial scale.
The SFE process has been used for the isolation of antioxidant comTh pounds, including polyphenols [164] , carotenoids, tocopherols and sitosterols [165] . Studies have demonstrated that SFE can be used to extract both hydrophilic and lipophilic compounds from plant matrices. However, compounds of appreciable polarity (e.g., phenols and flavonoids) are sparfl ingly soluble in pure CO 2 ; therefore, a polar modifier (co-solvent such as fi ethanol, methanol or water) must be added to obtain the necessary polarity to improve the extraction effi ciency of polar compounds and to overcome ffi interactions between the analyte and the matrix, facilitating the release of target compounds into the extraction medium. Accordingly, an efficient ffi extraction of phenolics from Golden delicious apple peels and resveratrol from grape pomace using ethanol as co-solvent was achieved by Massias et al. [166] and Casas et al. [167] , respectively. The extraction of protocatechuic Th acid from Scutellaria barbata D. Don [163] and phenolics from jatoba (Hymenaea courbaril L.) bark [168] was successfully achieved using water l as co-solvent. Likewise, the extraction of proanthocyanidins from grape marc using CO 2 as solvent and 10% ethanol-water mixture (57%, v/v) as co-solvent proved to be an efficient extraction method [169] . As an alternaffi tive to the addition of polar modifiers, it is possible to increase the pressure fi (and consequently the temperature) to decrease the interaction of polar compounds with the matrix and improve solubility [160] . 170] . EAE has been used successfully to increase the release of a variety of antioxidants, including phenolics from lemon balm (Melissa officinalis ffi ) [170] and bay (Laurus nobilis L.) leafs [171] , polyphenols from ginger (Zingiber officinale ffi Roscoe) [172] , polysaccharides from Agaricus blazei Murrilli [173] , and lycopene from tomato [174, 175] . To improve the extractability of target compounds, the use of enzymes can be combined with other technologies [90] . However, the low range of temperatures and high cost is still a weak point of this technology.
Extraction Solvents and Surfactants
The preference of phenolic antioxidants for ethanol and methanol may Th be caused by their nonpolar part and the aliphatic fragment of alcohols. Bigger molecules prefer ethanol, as it can better "cover" the gaps between the hydrogen bonds [90] . Ethanol possesses GRAS (generally recognized as safe) status and the extracts can be used in the food industry. Aqueous ethanol off ers many advantages as hydrophilic and lipophilic compounds are ff ff recovered together in diff erent proportions and synergistic interactions ff ff occur inside the medium. Methanol is cheaper than ethanol but due to its toxicity it is not favored in the food industry [90] . On the other hand, carotenoids such as lycopene are more lipophilic and thereby polar aprotic (e.g., acetone) or nonpolar solvents (e.g., ethyl acetate) are preferred [176] . But, in this case, the solvent should be removed completely from the extract prior to its reutilization in food products. In fact, short-chain alcohols, especially ethanol and isopropanol, have been proposed as alternative extraction solvents for carotenoids and vitamin E [134] .
Th e extraction and separation of phenolics may also be improved by Th using surfactants [177] . These surface active agents have both hydrophobic Th and hydrophilic components. When they are present at a concentration at or above their critical micellar concentration,it leads to the formation of multimodal compartments or micelles, which are capable of establishing interactions with either hydrophilic or lipophilic substances. These Th properties make surfactants useful in separation sciences and chromatographic application.
Analytical Methodologies for Antioxidants
Natural antioxidants have become a topic of great interest in the last decades. Th e chemical characteristics and also the bioactivities displayed Th by these molecules have a very important role in disease treatment and prevention. Thus, the full characterization of these compounds is mandaTh tory for the understanding of their behavior and to establish a relationship between their chemical structure and the bioactivity displayed. Commonly used techniques for the detection, quantification and structure elucidation fi of antioxidant molecules in foodstuffs are schematized in Figure 6 .2 and ff ff discussed below.
Detection of Antioxidant Compounds
After the optimization of the extraction conditions described in the preft vious sections, the extracts containing the target molecules are subjected to diff erent processes to be isolated, identifi ff ff ed and quantifi fi ed. Th fi ose proTh cesses are adapted to the characteristics of each class of compounds. As stated before, there are different classes of antioxidants, namely phenolic ff ff compounds, vitamins and carotenoids, that are the major antioxidants found in natural matrices [1, 10].
In the last decades, several authors have developed diff erent techniques ff ff to identify and determine the content of a specific molecule in diff fi erent ff ff matrices aft er optimizing the most appropriate extraction technique, as ft described in the precious sections. From an initial approach, the authors usually perform colorimetric assays such as the Folin-Ciocalteu method that is used to determine "total phenolic compounds" present in a mixture since those are the major antioxidants found in natural matrices. This Th method is based on its ability to react with all the reducing species in the analyzed sample. This reagent is a mixture of tungsten and molybdenum Th that presents a yellow color, and under alkaline conditions it can react with the antioxidants, forming a complex that present a blue color and can be monitorized by a spectrophotometer. Due to its ability to react with all the reducing species suffering interferences, especially with reducff ff ing sugars and ascorbic acid, the Folin-Ciocalteu method is mostly used to measure the reducing capacity rather than to determine the phenolic content [10, 178, 179] . Also, to determine ascorbic acid that is known for its reducing capacity, the method 2,6-dichlorophenol indophenol is used, taking advantage of this capacity displayed by ascorbic acid. It consists of a standardized solution of the oxidized dye that is titrated into a sample containing an unknown amount of ascorbic acid. Nevertheless, there is the possibility of error due to the slow reduction of the dye by other substances Figure 6 .2 The most common techniques used for the detection, quantifi Th cation and fi structure elucidation of antioxidants present in natural matrices. DAD (diode array detector); ESI-MS (electrospray ionization mass spectrometry); GC (gas chromatography); HPLC (high performance liquid chromatography); HSCCC (high speed contercurrent chromatography); LC-MS (liquid chromatography coupled to mass spectrometry); MS (mass spectrometry); NIRS (near infrared spectrometry); NMR (nuclear magnetic resonance); TLC (thin-layer chromatography); UPLC (ultra performance liquid chromatography); and UV-VIS (ultraviolet-visible).
besides ascorbic acid and because of that this is not a specific method for fi the determination of this molecule [180] . Additionally, there are a large number of methods to evaluate the antioxidant activity of foodstuff s, e.g., ff ff in-vitro, in-vivo, electrochemical and chemiluminescent methods [90] . They allow measuring the total antioxidant activity conferred by the difTh ferent compounds present in the foodstuff, but do not allow identifying ff ff the individual molecules responsible for such activity and the results vary depending on the mechanism of action of the selected assay [10] . These Th methods are usually performed as an initial screening, but are not precise and suff er the interference of other molecules present in the mixture, thus ff ff specifi c technologies for the determination of each molecule individually fi have been optimized.
Determination of Individual Antioxidant Molecules

Chromatographic Techniques
The most common techniques to determine individual molecules are Th high performance liquid chromatography (HPLC), gas chromatography (GC) and mass spectrometry (MS) (Figure 6 .2) [10, 181, 182] . The most Th used technique is HPLC, off ering precision and versatility. In most of ff ff the cases the studies are performed using a reversed-phase C18 column, being that the mobile phase usually is composed of two solvents containing methanol or acetonitrile as the polar organic solvents, and acidified fi water. HPLC can be coupled to diff erent specifi ff ff c detectors; depending on fi the chemical features of the target molecules as for the determination of carotenoids and phenolic compounds, the HPLC is connected to UV-VIS and DAD (diode array), respectively [90, 181, 183] .
This sophisticated technology is also used to determine vitamins, usually Th coupled to UV or DAD detectors [184] . With respect to tocopherols, Barros et al. [185] optimized the determination of these sensible molecules by HPLC coupled to a fluorescence detector, verifying that the fl fl uoresfl cence detector provided higher sensitivity than the UV detector, especially when the contents of the compounds to quantify are low, to achieve more satisfactory results.
Another chromatographic method is thin layer chromatography (TLC), known for its simplicity, low cost and ability to analyze a large number of samples with respect to the presence of antioxidants. This technique has been Th applied for the detection of lignins [90, 186, 187] , and the fractions analyzed by TLC can be further identified by HPLC-MS or GC-MS [90, 188] . fi Another effi cient technique in the determination of natural antioxidants ffi such as organic acids is gas chromatography (GC), due to its excellent resolution. The disadvantage of this technique is the need of derivatization Th of the compounds that requires time, retarding the reproducibility of the analysis [189, 190] . Barros et al. [191] optimized the detection of organic acids using HPLC coupled to a diode array detector and verified that the fi method is reproducible and accurate and allowed compound separation in 8 min.
High speed countercurrent chromatography (HSCCC) is one more detection technique that works without any solid stationary phase. This Th technology uses two immiscible liquid phases, one acts as the stationary phase and the other as the mobile phase, allowing soft separation conft ditions [192] , which are very useful in the isolation of bioactive natural products [193] , such as tannins [194] , fl avonoids [195] anthocyanins [196] , fl allowing complete recovery and separation in large amounts.
In most of the cases, the HPLC is coupled to a specific detector, but also fi to mass spectrometry, allowing a separation of the molecules according to their diff erences in mass since the compounds present diff ff ff erent fragff ff mentation patterns that are useful in the identification of the present subfi stances [197] . Several phenolic compounds have been identified in natural fi matrices with the help of mass spectrometry [90, 198, 199] .
Th e use of liquid chromatography coupled to mass spectrometry Th (LC-MS) has been extensively used due to its high sensitivity in the detection and quantification of several antioxidant compounds in natural matrifi ces such as flavonoids, anthocyanins, procyanidins, tannins [200] and fl phenolic acids [201] . On the other hand, HPLC-MS/MS is mostly used for the quantification of compounds that are present in very low amounts in fi the sample, such as vitamins A and E or β-carotene [90, 202] . Ultra performance liquid chromatography (UPLC) also exists, which presents higher sensitivity than HPLC; also, when coupled to ESI and/or MS it is described as being faster, consuming less amounts of eluent, presenting lower costs and taking less time for analysis. It is considered a very powerful technique for the rapid identifi cation of secondary metabolites from natural fi anti oxidants [90] .
Several studies describe UPLC as being more sensitive than HPLC in the detection and quantification of antioxidant compounds from natural fi matrices such as ascorbic acid [203] , vitamin E [204] , procyanidins [205] and isoflavonoids [206] . fl High performance liquid chromatography-electrospray ionization mass spectrometry (HPLC/ESI-MS) is another chromatographic technique recently used for the detection and quantification of individual antifi oxidants [90] . Th is technique has been described as a very important tool Th capable of analyzing small and large molecules of different polarities in a ff ff complex sample. Taking advantage of the additional separation capabilities from mass spectrometry, the samples purification and the procedures for fi derivatization usually applied in GC-MS can be simplified [207] . fi Diff erent authors have already used this technique in the identifi ff ff cation fi and quantification of diff fi erent compounds, such as tocols (tocopherols and ff ff tocotrienols), in different ff ff Triticum spp. [208] ; flavonols from fl Hypericum perforatum [209] ; and anthocyanins, flavan-3-ols, fl fl avonols, hydroxycinfl namic acids, hydroxybenzoic acids, and stilbenes in grape juice [210] .
Structure Elucidation of Individual Antioxidant Compounds
Since natural matrices are very complex, there are a lot of unknown compounds present in each plant, vegetable or other natural resources; thus, techniques are needed that can elucidate their chemical features (Figure 6 .2) so their chemical structures can be designed and studied according to the chemical groups present in the compound [211, 212] . For this purpose, nuclear magnetic resonance (NMR) is another important technique used for natural product structure analysis. 1H-NMR and 13C-NMR spectroscopy, respectively based on proton and carbon nuclear magnetic resonance, have been of extreme importance for the structure elucidation of natural compounds that allows a precise characterization of all the hydrogen and carbon bonds established between their self [211] [212] [213] . Furthermore, it is a rapid and nondestructive technique that can be performed without the use of an internal standard [90, 214] ; quick sample preparation, short analysis time and total sample recovery are other important parameters to take advantage of NMR technology, which is why it has been described as a powerful tool for the identifi cation of several compounds in the food fi matrix [211] . In the presence of a magnetic field, the NMR active nuclei fi (1H or 13C) absorb electromagnetic radiation at a frequency characteristic of the isotope. The resonant frequency, energy absorption, and the signal Th intensity are proportional to the magnetic field strength. Th fi e information Th obtained by the signals is related to the chemical and physical environments surrounding the spins, obtaining different information from each ff ff signal [215] . Another important advantage of this technology is that the signals obtained are proportional to the molar metabolite concentration, avoiding the need for calibration curves [90, 216] .
There are several reports which describe the combination of NMR with Th chromatographic techniques as a powerful tool for the structural elucidation of compounds [217, 218] .
Several studies describe the use of NMR in the identification of diff fi erent ff ff compounds present in natural matrices: epimeric forms of fl avone glycosides fl [219] ; tannin isomers [220] ; anthocyanins [221] ; rosmarinic acid [222] ; para-hydroxy methyl benzoate glucoside, cycloeucalenol cis-ferulate, cycloeucalenol trans-ferulate, trans-ferulic acid, trans-ferulic acid methyl ester, cis-ferulic acid, cis-ferulic acid methyl ester, methyl caffeate, vanillic ff ff aldehyde and para-hydroxy benzaldehyde [223] ; 9-O-(3-carboxymethyl-4-(p-formylstyryl))hydroxybutanoic acid, 2-hydroxy-3-methoxycaffeic ff ff acid 5-O-β-D-glucopyranoside and 3 -O-methyl-4 -O-(4-O-galloyl-α-Lrhamnopyranosyl) ellagic acid [224] .
Near infrared spectrometry (NIRS) is another sensitive technology to help in the structural elucidation of antioxidants. This technique has been Th described as fast, noninvasive, low cost, non-polluting and nondestructive in the analysis of food matrices [90, 225] . It is a spectroscopic method that uses the near-infrared region of the electromagnetic spectrum within the wavelength range of about 700 nm to 2500 nm. Near-infrared spectroscopy is a technique extensively used in agriculture for the determination of the quality of grain, fruits, vegetables, meat, among other agricultural products. Several studies are described in the literature reporting the use of NIRS for the determination of natural antioxidants: total carotenoids [226] ; individual carotenoids such as lycopene and lutein [227, 228] ; β-carotene [228] ; malvidin-3-glucoside and tannins [229] ; and polysaccharides [230] . In other studies, Pissard et al. [231] and Blanco-Díaz et al. [232] also determined ascorbic acid using NIRS. Polypeptides, fatty acids, esters and acids were also determined in cheese by this technology [233] ; and fucoidan from Malaysian seaweeds [234] .
Conclusion
Natural antioxidants are widely distributed in foodstuff , playing a very ff ff important role in helping the organism combat oxidative stress and related diseases. Moreover, these potent compounds have shown the ability to preserve several foods, increasing the products shelf life by decreasing oxidation phenomena. Due to the continuous interest in obtaining natural antioxidants, innovative and more sustainable technologies have been applied for the extraction of each class of these molecules according to particular chemical features. The development and the effi Th cacy of ffi these techniques have allowed the extraction of bioactives in high content, spending less in time, money and solvents, and preserving the bioactive features of these molecules. For analysis, there are a large number of specifi c technologies to determine total and individual antioxidants present in fi natural matrices. Taking advantage of the specific characteristics of the diffi ferent available technologies, it is possible to determine and identify a large amount of individual antioxidants. Nevertheless, there is still the need of development more eco-friendly technologies and more specific tools to fi allow the identifi cation of other molecules present in the natural matrices fi that are still unknown, since natural matrices are very complex and possess a large variety of different molecules.
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